(3) However, reaction 7 is clearly an exchange reaction and can only lead to net synthesis of PE if the organism can make PS (e.g. by reaction 2) and ethanolamine.
The in vitro biosynthesis of phosphatidylethanolamine was inhibited by cytidine diphosphocholine and the biosynthesis of phosphatidylcholine was inhibited by cytidine diphosphoethanolamine. Activities of the two synthetic systems were indistinguishable on the basis of susceptibility to Iyophilization and inhibition by thiol reagents.
An alternative pathway in animal tissue has been described (9) :
(3) However, reaction 7 is clearly an exchange reaction and can only lead to net synthesis of PE if the organism can make PS (e.g. by reaction 2) and ethanolamine.
The cells of higher plants have both procaryotic and eucaryotic characteristics exemplified by the nucleic acids of the nuclei and other subcellular organelles. It is, therefore, of some interest to examine the biosynthesis of PE in higher plants to see whether the mechanism of biosynthesis is by the prevalent method in animals, the method in bacteria, or both. The reaction studied in this paper is the formation of PE from CDPethanolamine (reaction 6).
PS -> PE + CO2
Our understanding of the biosynthesis of phospholipids in animal tissues stems from the basic findings of Kennedy and co-workers (8, 9, 12, 19, 20) . Subsequent work with bacterial systems has shown similarities with, but also important differences from, the animal systems. The most remarkable difference is in the biosynthesis of PE.' In bacteria this compound is made by a pathway concluding in the three final steps (28) :
PA + CTP --CDP-diglyceride + PPi
(1) CDP-diglyceride + serine --PS + CMP (2) PS -PE + CO2 (3) In animals the major pathway to PE appears to be (20) :
PA -DG + Pi (4) phosphorylethanolamine + CTP CDP-ethanolamine + PPi (5) 'Abbreviations: PE: phosphatidylethanolamine; CDP-choline: cytidine diphosphocholine; CDP diglyceride: cytidine diphosphodiglyceride; CDP-ethanolamine: cytidine diphosphoethanolamine; DEAE: diethylaminoethyl; DG: 1,2 diacyl-sn-glycerol; DDT: dithiothreitol; lyso PE: lysophosphatidylethanolamine; PA: phosphatidic acid; PC: phosphatidylcholine; PS: phosphatidylserine; pmb:
p. mercuribenzoate.
MATERIALS AND METHODS
Materials. Plant materials were purchased from local grocery stores. CDP-ethanolamine was prepared by the method of Kennedy (19) or purchased from Sigma Chemical Company, St. Louis, Missouri, CDP-choline was purchased from Sigma Chemical Company. "4C-CDP-choline was purchased from International Chemical and Nuclear Corporation, Irvine, California. "4C-Phosphoryl ethanolamine was obtained from New England Nuclear.
"4C-CDP-ethanolamine was prepared from "4C-phosphoryl ethanolamine using enzyme preparations from chicken liver as described by Chojnacki and Metcalf (10) . The product was isolated by ion exchange chromatography on Dowex-1-formate according to the method of Kennedy (19) . Purity of the product was evaluated by paper chromatography in solvent systems recommended by Scheider (31) and scanning of the paper strip with a radioactivity scanner.
Methods. Plant extracts were prepared by homogenizing a given weight of material with twice as much homogenizing medium. The homogenizing medium consisted of 0.25 M sucrose, 10 mM tris-HCl pH 7.5, 1 mm EDTA. The plant material and cold medium were homogenized in a Waring Blendor (three 5-sec bursts), and the homogenate was pressed through two layers of cheesecloth. In the preparation of subcellular fractions, the filtrate was first centrifuged for 5 min at 1,000g. The supernatant was centrifuged for 30 min at 20,000g and centrifuged for 60 min at 100,000g. The first two pellets (1,OOOg and 20,000g) were suspended in 20 ml each 10 mm tris-HCI pH 7.5, 1 mM EDTA, and the l00,OOOg pellet in 10 ml of the same medium. Reaction mixtures contained 2 mm DTT, 20 mM The plate was air dried and then sprayed with a 1% solution (w/v) of iodine in methanol. The area of PE was marked and when the iodine had sublimed all areas of the chromatogram were scraped into scintillation vials and counted. More than 90% of the recovered counts were found in the PE area. Another plate run in the same solvent system was exposed to x-ray film. In addition to PE a small amount of radioactivity was detected in a spot tentatively identified as lyso-PE. (b) The radioactive product was subjected to conditions of mild alkaline hydrolysis as described by Benson (4) . The water soluble products were chromatographed on strips of Whatman 4 filter paper using butanol-propionic acid-water, 70:35:50 as solvent. Radioactivity was subsequently located by passing the strip through a radioactivity scanner. The radioactivity was coincident with glyceryl phosphoryl ethanolamine (obtained from deacylated egg yolk lipid) as detected by a ninhydrin spray (0.2% in water saturated butanol). (c) The radioactive product was mixed with egg yolk lipids and the lipids separated on a column of DEAE-cellulose (acetate form) according to the directions of Allen et al. (1) . Effluent fractions were assayed for ester bonds by the hydroxamate method (14) , by radioactivity, and lipid components were measured by TLC. The results olE such a column are shown in Figure 1 . Some radioactivity was found in peaks preceding the major peak of PE, but the latter contained most of the radioactivity.
Other analytical methods included the method of Arnon (3) for Chl, and the method of Lowry et al. (24) Figure 4 . In the inset, the data from the substrate concentration curve are plotted by the method recom- (Fig. 5) . The optimum in the presence of manganese ions appeared to be 8.0, and in the presence of magnesium ions 7.5, although a sharp maximum was not obtained.
Thiol compounds were always included in reaction mixtures. When tested directly some microsome preparations were stimulated (DTT was superior to GSH), but others were unaffected. According to the earlier work of Kennedy (19) on phospholipid synthesizing enzymes from rat liver, the enzyme catalyzing the synthesis of PC is more stable to lyophilization than that synthesizing PE. Attempts to discriminate between PE and PC synthesis by spinach leaf microsomes were unsuccessful: both enzymic activities were quite stable to lyophilization. These results are shown in Table III which also includes data on inhibition by pmb. The synthesis of both PE and PC are equally susceptible to the mercaptide forming reagent.
Data in Tables IV and V also emphasize the similarities in the two enzymic activities. Tables IV and V show that CDPcholine is a potent inhibitor of PE synthesis and CDP-ethanolamine is a potent inhibitor of PC synthesis. The information in these tables again suggests that the same enzyme may catalyze the two reactions. Kinetic experiments indicate that inhibition of PE synthesis by CDP-choline is competitive with respect to CDP-ethanolamine.
PE Synthesis in Different Plants. Tissues of several plants besides spinach were tested for the ability to incorporate phosphoryl ethanolamine from CDP-ethanolamine into PE. On a protein basis preparations from the fruit of the bell pepper (Capsicum annum) were as efficient as those from spinach leaf (Spinacia oleracea), preparations from onion stem (A llium cepa) were about half as effective, and those from carrot root (Daucus carota) and parsley (Petroselinuin sativa) gave no detectable activity. 
DISCUSSION
Lipid analyses of the tissues of higher plants invariably report substantial amounts of PE (1, 5, 6, 16, 21, 27, 30, 34, 36) . On the other hand, PS is less frequently reported (5, 6, 16, 34) . If PS is the precursor of PE, as it is in bacteria (28) , only small amounts may accumulate before decarboxylation takes places.
The alternative pathway to PE is by phosphorylation of ethanolamine followed by reactions 5 and 6. These reactions, as well as the analogous reactions for PC, have been well authenticated in animal tissues (20) .
The evidence for the biosynthesis fo PC in higher plants is very good. Morre et al. (26) have measured the activities of all three of the relevant enzymes (choline kinase, phosphorylcholine cytidyltransferase, and cholinephosphotransferase) in onion stem. Ramasarma and Wetter (29) have characterized the choline kinase from rape seed and they specifically stated that the enzyme had no activity on ethanolamine. The choline kinase of yeast has a Km from choline of 20 ,uM and 10 mM for ethanolamine (38) . Choline kinase in plants has also been reported by Tanaka et al. (33) , but only low activities were found. Subsequent reports of choline kinase in higher plants have been made by Johnson and Kende (17) and by Lord et al. (23) . The report of Morre et al. (26) on the cytidyl transferase has been verified in barley endosperm (16) and in castor bean cotyledons (23) . The cholinephosphotransferase in plants has been described in detail (13) after Morre's initial report (26) .
The analogous pathway for PE synthesis is not well authenticated. Marshall and Kates (25) have reported the presence of ethanolamine kinase in spinach leaf preparation. These authors were unable to detect the cytidyl transferase enzyme. We have been unable to detect the formation of CDP-ethanolamine from phosphoryl ethanolamine in experiments with plant tissue in our laboratory. On the other hand, Kennedy and Weiss (20) reported that enzyme preparations from carrot root were able to synthesize CDP-ethanolamine. The data reported in this paper on the final step of PE synthesis, the ethanolaminephosphotransferase, show that it is indistinguishable so far from cholinephosphotransferase. Taken together, the above considerations cast doubt on whether PE synthesis in plants takes place by the "cytidine" pathway, and gives good reason to consider decarboxylation of PS as the predominant pathway.
Kennedy and Weiss (20) concluded that the cholinephosphotransferase and ethanolaminephosphotransferase were distinct enzymes on the grounds of different lability on lyophilization.
In our experience both of the enzymes from rat liver are stable to lyophilization as are the enzymes from spinach leaf. On the PHOSPHATIDYLETHANO other hand, the two enzymes from rat liver can be distinguished by their difference in susceptibility to inhibition by acyl CoA esters, PC synthesis being susceptible and PE synthesis resistant (11) . In discussing their observation that CDP-choline inhibited ethanolaminephosphotransferase in microsomal preparations from rat brain, Ansell and Metcalf (2) listed as a possibility that cholinephosphotransferase could catalyze the transfer of phosphorylethanolamine from CDP-ethanolamine to diglyceride. If the final step of PE and PC synthesis were catalyzed by a single enzyme, the relative amounts synthesized would be dependent on the availability of CDP-choline and CDP-ethanolamine, an unusual regulatory mechanism, and the Km values of the two substrates (20 ,uM for CDP-ethanolamine, and 10 ,uLM for CDP-choline [13] ).
Experiments with intact tissue may show whether PE is made by way of PS or by the cytidyl pathway. Willemot and Boll (37) showed that excised tomato roots metabolized "4C-serine with the production of "4C-PC and PE and poorly labeled PS. They concluded that PS was converted to PE by decarboxylation and that PC was formed from PE by successive methylation reactions. This conclusion is supported by results of Lerch and Stegemann (22) who found that many plants contain free ethanolamine, but that no conversion of serine to free ethanolamine could be detected. One difficulty in accepting the conclusion of Willemot and Boll (serine --PS -* PE -e PC) is that pmb and diethylethanolamine inhibit the formation of PS and PE while PC is still synthesized from "4C-serine. Perhaps there is an alternative pathway to choline. Experiments with radioactive phosphate also bear on the synthesis of PE in plants. Singh and Privett (32) found that maturing soybeans incorporated radioactive phosphate into lipids and the maximum percentages in PS was after 30 min incubation. PE did not reach a maximum until 4 hr. During germination of the mung bean, PS was most rapidly labeled in the hypocotyls and radicles with increasing proportions in PE as the incubation proceeded (18) . This result is also consistent with the conversion of PS to PE by decarboxylation. In one other case of phosphate labeling, radioactivity in PS was negligible even though PE became substantially labeled (6) . If PE is normally made in vivo by decarboxylation of PS, we might expect that free ethanolamine would be a poor precursor of PE. In fact the opposite was true (37) . It is possible that ethanolamine was introduced by an exchange reaction (35) rather than de novo synthesis.
Returning to studies at the enzyme level, Marshall and Kates (25) have reported the decarboxylation of PS by a particulate fraction from spinach leaves. Thus the enzymic capability is present in these leaves just as it is in bacteria (28) .
In conclusion, PE can be synthesized by enzyme preparations from leaves either by decarboxylation of PS or by transfer of ethanolamine phosphate from CDP-ethanolamine. The predominant pathway in vivo is still unknown.
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